Resonant photoemission has been studied above the carbon Is ionization thresholds in gasphase benzene and ethylene. The experimental data for both molecules include relative , partial cross-section and asymmetry,.parameter measurements for the C Is main line and asymmetry-parameter measurements for one C Is shake-up satellite in each system. Resonances above the C K edge have been analyzed on the basis of their decay to either the C Is main-line or valence-hole states, and have been tentatively assigned as either shape resonances or doubly excited states according to their observed one-electron or many-electron decay,respectively.
The importance of determining the resonant behavior of all available photo emission channels in the proximity of a resonance is thus illustrated. 
I. INTRODUCTION
In simple hydrocarbons such as C2H4, C2H2t and C6H6, the absorption spectra in the photon-energy range 280-320 eV, which includes the carbon Is ionization thresholds, are very rich in structure both below and above the K edge.1,2 To illustrate, Fig. 1 contains electron energy-loss spectra, which simulate photo absorption spectra under appropriate conditions,l around the carbon K edges of 4H6 and C2H4.2 In benzene, the C Is ionization threshold is at 290.2 eV. Below threshold, the absorption spectrum shows an intense peak at 285.2 eV, followed by weaker features converging to the K edge. Above threshold, there is an intense and relatively sharp feature at 293.5 eV and another broader feature peaking near 300 eV. In ethylene, the C Is threshold is at 290.6 eV. Below threshold, there is one intense peak at 284.7 eV, followed by a series of weaker structures converging to the K edge, as in benzene.
Above threshold, there are two small peaks at 292.2 and 295.6 eV, followed by a broad weaker structure at -300 eV.
There is general agreement in the literature about the nature of the most intense subthreshold absorption features in these two molecules. 2 These peaks signify excitation to discrete states; either unoccupied molecular orbitals (near 285 eV), or Rydberg states closer to threshold. For both benzene and ethylene, the most intense peak below threshold corresponds to a transition from the C Is core level to the lowest unoccupied 1t* molecular orbital. The weaker sub-threshold features at higher energies have been assigned, in ethylene, to transitions from the C Is levels to Rydberg orbitals, and in benzene, to a second C Is ~1t* transition, plus Rydberg excitations. 2
The situation is more complicated for the above-threshold absorption features, which can originate from two very different resonant processes, or possibly nonresonant variations of the cross section. In general, the resonant phenomena giving rise to above-threshold maxima in the total absorption cross section fall into two main categories; shape resonances and autoionizing doubly excited states. A shape resonance is considered to be a single-channel final-state effect 1 in which a photoelectron is initially trapped in a quasibound state by a centrifugal barrier in the molecular potential, through which it tunnels into the continuum with an enhanced photo ionization cross section and a perturbed angular distribution. 3 An autoionization resonance corresponds to a multi-electron discrete transition to an excited state which decays by the ejection of an electron. Becau~ autoionization is a many-electron process, it typically can decay into several photoemission channels, causing oscillations in the photoionization cross sections and angular distributions of each channel. A more detailed discussion of abovethreshold resonant processes can be found in Ref. 4 .
The nature of above-threshold resonant features cannot be deterrnin~d with certainty from an absorption spectrum alone. Because only the total absorption cross section is obtained by EELS or photoabsorption measurements, the possible contributions to the resonant behavior from individual photoionization channels cannot be assessed. Analysis of the behavior of specific exit channels requires measurement of the photoemission cross section of the lines corresponding to the available photoionization channels. If the photoionization cross section is measured for all the lines in a photoelectron spectrum in the photon-energy range of a resonance, the one-electron or many-electron decay characteristics so derived can facilitate assignment as "either a shape resonance or an autoionizing state.
With this thesis in mind, we report here a resonant photoemission study, based on angleresolved time-of-flight (TOF) electron spectroscopy, of the C Is core levels in benzene and ethylene. This is the first such study of the above-threshold resonant behavior for the C Is core level in gas-phase hydrocarbons. For both molecules, measurements of the relative partial photoionization cross section cr and the angular-distribution parameter ~ were performed for the C Is main line in the near-threshold region. The ~ parameter was also measured for C Is in benzene would be included in the present measurements. Nevertheless, we observe a decrease in the C Is cross section to lower energy which does not indicate any obvious resonant behavior, at least not to the extent present in the total cross section.
In Fig. 5 , we show the cross section for the C Is main line in ethylene. There is an enhancement evident, with a maximum at 300(1) eV, which probably is related to the corresponding feature in the absorption coefficient at -300 eV. Below 300eV, the cross section decreases, with no evident counterpart to the maximum in the absorption coefficient at 295.2 eV, although our lower resolution would, preclude sharp structure. Here, too, as in benzene, the C Is cross-section measurements were restricted to hv ~ 295 eV because of the large photon-energy bandwidth, thus including only the high-energy side of the 295.2 eV absorption feature.
To gain more information on the decay patterns of the above-threshold resonances; we measured the partial photo ionization cross section for the high-kine tic-energy peak, which includes both C(KW) Auger and valence electrons. The cross section of this peak itself is not sensitive to different decay channels and roughly follows the behavior of the C Is main-line cross section. However, the (C(KVV) Auger-plus-valence)/(C Is» branching ratio (R) is more informative. Ignoring shake-off and core-level shake-up (which are unimportant within 10 eV above the K edge), resonant processes involving only the C Is main line should give rise to a flat R; the C(KVV) Auger intensity will mimic the C Is intensity, and the valence contribution will provide an essentially constant background (the presence of this background will cause R to be greater than unity,however). Conversely, if channels other than the C Is main line are enhanced on resonance, R will vary with photon energy, because these other channels will add to the Auger-plus-valence peak but not to the Is main-line peak. In some sense,"the highkinetic-energy peak represents a total-yield measurement, which can be used to experimentally compare the C Is main-line cross section to the total absorption cross section.
The measured values of R for benzene and ethylene are shown in Figs. 6 and 7,'respectively, illustrating nonconstant behavior at most energies. Th<;:se data require some explanation; so we will begin near threshold and work to higher energies. The following discussion applies tn both molecules, unless stated otherwise. Further studies of these satellites' relative intensity in this energy range would be very useful.
The increasing R at photon energies above -305 eV is probably due to an increasing contribution of satellites and shakeoff to (J (total). There are Auger electrons from the decay of the satellites visible in Figs. 2 and 3 , and possibly other low-intensity satellites at higher ES, and from multiple-ionization processes at higher photon energies followed by Auger decay.
This tends to produce an increasing (Auger-plus-valence)/(C Is) ratio at higher energy.
We conclude that the resonances which exhibit different decay patterns have a very different nature. We tentatively assign the resonant processes at -300 eV as shape resonances in both molecules, since we have deduced from our data that they apparently have single- The resonant behavior clearly apparent in 0" (hv) has no evident counterpart in the 13 curves.
The data show a smooth increase of 13 with increasing photon energy, tending toward the asymptotic value of 2 expected for levels with s atomic character. There are no clear variations corresponding to the pronounced maxima in the cross section. This is at variance with other cases, in which both experimentall y 15,16 and theoretically17-19 it was found that a maximum in the photoionization partial cross section attributed to a shape resonance was accompanied by a corresponding oscillation in 13. Theoretical calculations of the 13 parameter for the C Is main lines might help clarify this experimental finding.
Also included in Figs. 8 and 9 are the angular-distribution asymmetry parameters (P) measured for the satellites shown in the photoelectron spectra of Figs. 2 and 3 . The general appearance of the P trend for each satellite is similar to that for its respective main line., In fact, if we align the main-line and satellite p results according to the photoelectron kinetic energy (i.e., shift the P curve for the satellite downward -7eV), the two p curves almost , , coincide over the commonly measured range, up to 40 eV above threshold. This hypothesis would be consistent with the resonant state reached by the main line at a photon energy of 300 eV being a shape resonance, since the same resonant final state could be accessible for both a main line and a satellite at the same kinetic energy, and therefore at different photon energies.
However, very little is known about the behavior of satellites in the region of a shape resonance, and further work is needed to confirm this hypothesis.
,IV. CONCLUSIONS The present results for resonant processes above the carbon K edge in benzene and ethylene confirm the importance of analyzing all available photoionization channels in the proximity of a maximum in the total absorption cross section. Such differential analysis is essential in 9 determining the nature of the resonance, in particular its single-channel or multi-channel decay character. Information about the decay properties of a resonance is necessary, but not sufficient, in assigning it as a shape resonance or an autoionizing excited state. The same experimental evidence cannot be obtained by measuring only the total absorption cross section. Also, the symmetry of a resonance, as determined by polarization-dependence measurements, is not in itself sufficient evidence to assign a shape resonance. TECHNICAL INFORMATION DEPARTMENT  UNIVERSITY OF CALIFORNIA  BERKELEY, CALIFORNIA 94720 
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